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Abstract—This paper describes the development of a proof-
of-concept sample verification system (SVS) for in-situ
mass measurement of planetary rock and soil sample in
future robotic sample return missions. Our proof-of-concept
SVS device contains a 10 cm diameter pressure sensitive
elastic membrane placed at the bottom of a sample canister.
The membrane deforms under the weight of accumulating
planetary sample. The membrane is positioned in proximity
to an opposing substrate with a narrow gap. The
deformation of the membrane makes the gap to be narrower,
resulting in increased capacitance between the two nearly
parallel plates. Capacitance readout circuitry on a nearby
printed circuit board (PCB) transmits data via a low-voltage
differential signaling (LVDS) interface. The fabricated SVS
proof-of-concept device has successfully demonstrated
approximately 1pF/gram capacitance change."*
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1. INTRODUCTION

In previous human lunar sample return missions (Apollo 11,
12, 14, 15, 16 and 17), astronauts were able to ascertain the
quantity of lunar samples before returning to Earth. Robust
in-situ sample acquisition verification (assured sample
quantity (mass or volume)) systems would be critical to the
next generation NASA robotic sample return missions. For
sample return missions the Sample Transfer Chain (STC)
would be responsible for the acquisition, verification,
containment and transfer of the sample from the planetary
body to the surface of the Earth. A key mission success
criterion for robotic sample return missions would be that an
assured sample quantity has been collected before the Earth-
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return phase of the mission is initiated. For some robotic
sample return missions sample acquisition verification must
be done autonomously without ground in the loop of
operations.

There is a technology gap for sample acquisition
verification systems for robotic sample return missions.
NASA's Genesis and Stardust robotic sample return
missions successfully returned samples to Earth without an
in-situ sample acquisition verification system (SVS) on
board the spacecraft [1,2]. Positive confirmation of
successful sample acquisition and transfer was done after
the return of the sample capsule to Earth. These two
missions are an exception because of the types of sample
they acquired, no direct interaction with the target body was
required and sample acquisition time was in order of several
minutes. JAXA's Hayabusa mission also did not have an in-
situ sample acquisition verification system; as a result,
positive confirmation of successful sample acquisition and
transfer could only be done after the return of the sample
capsule to Earth [3]. The approach of providing positive
confirmation of successful sample acquisition and transfer
for robotic sample return missions after the return of the
sample capsule to Earth is less than ideal since the ultimate
goal of a sample return mission is to return an assured
sample quantity (threshold science) to Earth.

This point argues for additional technology development for
future sample acquisition verification systems for potential
robotic sample return missions. In this paper, we present a
novel in-situ SVS that is designed for integrated sampling
systems that could survive and operate in challenging
environments (extremes in temperature, pressure, gravity,
vibration and thermal cycling) for real-time in-situ sample
acquisition verification. The in-situ SVS would enable the
unmanned spacecraft system to re-attempt the sample
acquisition procedures until the capture of desired sample
quantity is positively confirmed, thereby maximizing the
prospect for scientific reward.

2. BACKGROUND

The primary objective of a sample return mission is
retrieving pristine planetary sample without contamination.
Spacecraft systems including the SVS must be designed so



that it will not contaminate the planetary sample. Even very
small contamination may impact accuracy of elemental
analysis such as isotopic age determination. For example,
isotope composition analysis of Apollo 11 lunar sample
required 0.005%-level precision [4]. Traditionally, a few
materials such as stainless steel SUS 304 and Aluminum
6061 alloy have been used for planetary sample handling
applications. Therefore, we use these materials exclusively
for areas that may become contact with the sample.

Planetary/Moon environment is harsh for spacecraft
components. Temperature change may exceed 100 Kelvin
during a day mainly due to change of solar radiation. The
SVS sensor must survive such a large temperature change.
Careful choice of materials and design is necessary to build
a robust SVS sensor that is stable against large temperature
changes. Additionally, the SVS sensor should be designed
so that planetary atmosphere and/or vacuum environment
will not impact sensor performance.

There are several potential approaches to detect sample
presence in robotic spacecrafts. For example, (1) Mass
measurement by spring-mass system and transducers, (2)
Optical methods such as photo imaging, (3) Inertia
measurement by Newton's second law of motion. The SVS
sensor development described here is intended for planets
and moons where significant gravity exists. Microgravity
asteroid sample return is not within the scope of this study.
The inertial measurement is used for monitoring astronauts'
weight in microgravity environment of International Space
Station [5]. However, inertia measurement must apply thrust
to the mass being measured and thus the system becomes
relatively complicated. The optical methods such as photo
imaging can observe the shape and color of planetary
samples during sample acquisition. However, a photo image
doesn't provide sample mass and the viewing aperture may
be obstructed by dust covering the lens. Mass measurement
by spring-mass system appears to be the simplest approach
for sample weight measurement on the planets/moons.

Deflection of the spring in such spring-mass system can be
detected by transducers such as piezoresistive and capacitive
sensors. However, temperature sensitivity is an inherent
disadvantage in piezoresistive sensors. For the planetary
applications that undergo large temperature change (or
cycles), capacitive method appears to have significant
advantage.

The SVS sensor described here is an in-situ sensor that
measures the sample weight during sample acquisition. It is
desirable for the sensor to be integrated to the sample
canister or cache. In other words, separate weighing station
to measure canister weight is not an attractive option
because it requires complicated maneuver by a robotic arm.
The integrated SVS sensor will need to be designed
lightweight, small volume and shock tolerant. This is
because the sample canister is a primary payload of a return
vehicle that would endure re-launch from planet/moon,

atmospheric entry, descent and landing phases upon return
to Earth.
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Fig. 1. Cross-sectional view of planetary sample mass
sensor mounted at bottom of sample canister.

3. SENSOR DESIGN

Figure 1 shows a cross-sectional view of the sample mass
sensor as it is mounted at the bottom part of a sample
canister [6]. It is assumed the volume of sample canister is
approximately 1 liter. Only the bottom section of sample
canister is shown in Figure 1. The sensor is placed as a
false-bottom and so that the weight of planetary sample is
measured during the sample acquisition process. The top
plate is a thin stainless steel SUS304 membrane that will
deform by the sample load. The middle layer is a rigid
substrate that has an array of electrodes on the top side.
There is a narrow gap between the SUS304 top plate and the
substrate allowing the deformation of the top plate to be
capacitively detected. ICs and other discrete components for
the capacitance readout are mounted on the backside of the
substrate. There is an additional back plate just under the
substrate. The shape of the two plates (top and bottom) is
identical except that the bottom plate has a center hole to
allow tall circuit components protrusion. The SUS304 back
plate is used as a reference capacitance for calibration
purposes. The stack of top plate, substrate and bottom plate
is attached to the bottom of canister by an Aluminum 6061
retainer ring and pressure-loaded fasteners. Small gaps on
the mounting hole absorb coefficient of thermal expansion
(CTE) mismatch when the sensor is exposed to large
temperature change. An o-ring placed on the side of retainer
ring prevent small planetary sample particles from falling
into narrow gaps on the edges of plates and substrate as this
may cause sample contamination. Air vent holes equalize
the cavity pressure to the ambient pressure. A microporous



filter is placed on the vent hole so that dust particle will not
interfere with capacitive measurement.

The deformation of the SUS304 top plate is illustrated in
Figure 2. Assuming a light and uniform loading (Figure 2-
B), the deformation is relatively large at the center of
membrane compared to the outside. Therefore, capacitance
at the center (C_ctr) shows larger increase compared to the
capacitance at the outside (C_out). When the applied load
increases, the center portion of the membrane will touch the
floor (Figure 2-C). The C _ctr is now shorted and becomes
unable to measure, but the outside C out is still available.
Using a series of concentric distributed capacitors expands
the overall pressure measurement range. Figure 2-D shows
the membrane is experiencing extremely high load. In this
case, the membrane is mostly touching and stopped at the
underlying substrate and the capacitive readout is not
functional. However, the membrane does not rupture easily
because its mechanical strength is significantly reinforced
by the underlying rigid substrate that prevents excessive
strain. Therefore, the sensor can be made highly sensitive
but robust against possible shocks that may be expected
during launch and landing phases.
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Fig. 2. Wide range sensing by distributed capacitors.
(Not to scale)

FEM Analysis

The geometry of the pressure-sensing membrane is very
similar to MEMS touch mode pressure sensors [7].
Originally based on Timoshenko's textbook [8], maximum
deflection wy of a circular membrane at its center is
expressed as:
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where q is the pressure, r is the radius, and h is the thickness
of the circular diaphragm. D is flexural rigidity;

Eh’
P -y @

where E is the Young's modulus, v is the Poisson's ratio.

Assuming 0.1kg load is uniformly applied over a circular
SUS304 plate with 90mm diameter (2xSmm=10mm is
subtracted from membrane diameter 100mm due to the
retainer ring on the edge), 200um in thickness, maximum
deflection is estimated as 66.8um from equation (1). Here,
the 0.1kg load is equivalent to 0.27kg sample load in
Martian gravity and 0.6kg sample load in lunar gravity.

Figure 3 shows the deflection of the same SUS304
membrane under 0.1kg uniform load as calculated by
ANSYS finite element analysis simulation. The obtained
center deflection 68.6um is reasonably close to the value
calculated from Timoshenko's equation (1).
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Fig. 3. ANSYS simulation. 0.1kg weight applied
uniformly over the sensor surface. (z-axis scaling is
exaggerated)

Figure 4 shows electrode pattern that was used in the first
sensor prototype. Seven concentric electrodes are placed.
Surface areas of seven electrodes are approximately equal
so that the initial capacitance of the parallel plate capacitors
will be identical. Capacitance of parallel plate capacitor is
given by,
c=¢2, ()
d

where ¢ is the permittivity, A is the area and d is the gap
distance. Shield wires are placed between electrodes in

order to reduce RF interference.
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prototype.

Based on the finite element analysis results, capacitance of
these channels is estimated and plotted in Figure 5. The gap
width is assumed as 100 pum and the load is applied
uniformly. Due to the symmetry, channels 5, 6 and 7 results
are omitted because they are identical to channels 3, 2 and 1,
respectively. The center channel Ch4 ramps up the quickest
and the capacitor become shorted at about 100 gram load
when the top plate and electrode are in contact. The outer
electrodes such as Chl ramps up relatively slow and it can
measure 800 gram loading or above. Therefore, inner
electrodes have higher sensitivity for a small loading range
while outer electrodes have relatively low sensitivity over a
wide range.
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Fig. 5. Change of capacitance. (FEM simulation)

4. PROOF-OF-PRINCIPLE TEST

The first SVS mass sensor prototype is fabricated by using
MEMS fabrication technique. Figure 6 shows a picture of
the prototype substrate. A 100 mm diameter glass substrate
is anodically bonded with thermally oxidized silicon wafer
100 um in thickness. The silicon wafer is etched by Deep
Reactive Ion Etch (DRIE) to form spacer ring at the edge of
substrate. Metal electrodes are lift-off patterned on the glass

substrate. 200 pm to 500 pm thick SUS304 top plates are
placed on top of the glass substrates for testing. Figure 7
shows the sensor prototype that is being tested by placing
calibration weights on the SUS304 top plate.

Figure 8 shows a plot of capacitance change on this SVS
sensor prototype. Actual thickness of the SUS304
membrane is 206 um and the Silicon spacer thickness is 94
um. Nearly uniform load is applied by placing numerous
small weights evenly on the SUS304 membrane. The
overall sensor characteristics appear to be similar to the
finite element simulation result shown in Figure 5. The
centermost channel Ch4 increases the quickest and the rate
of capacitance change is approximately 1pF/gram when the
load is less than 20 gram. The outer electrodes Ch1l and Ch2
ramps up well above the 100 gram load and demonstrate
wide-range sensing capability of the mass sensor. However,
the rate of capacitance increase is smaller at high-load range
(>100gram) because the center of membrane is touching the
glass substrates. Such contact mode is not included in the
present finite element model. Other deviation from the finite
element model may be attributed to small fabrication
deviation (membrane thickness 206 um as opposed to 200
pm in model, and initial gap 94 um rather than modeled 100
pm, membrane warpage) and stray capacitance due to small
wire/electrode overlaps.
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Fig. 6. Distributed electrode pattern on glass substrate.

Fig. 7. Proof-of-principle sensor tested with
calibration weights.
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Fig. 8. Change of capacitance experimentally
measured on proof-of-principle mass sensor.

Non-uniform loading

During the mass measurement of solid rock and soil, the
sample may be distributed unevenly over the membrane.
When a 0.1 kg mass is placed over a 20 mm diameter circle
area at the center, maximum deformation is 204.6 um as
estimated by ANSYS simulation. This deflection is
approximately three times larger compared to uniform
loading of the same mass. Figure 9 shows another simulated
example where the same 0.1 kg load is applied over 20mm
diameter circle area that is 20 mm off-center. The maximum
deformation is estimated as 150.9 um and the deformed
zone moved off-center to the right. Algorithm is currently
being developed to accurately estimate sample weight by
statistical approach coupled with robotic actuation
mechanism to tilt the sample canister for moving solid
sample within the canister.
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Fig. 9. ANSYS simulation of uneven loading. 0.1kg
mass (20mm diameter circle footprint) placed 20mm
off-center. (z-axis scaling is exaggerated)

5. CAPACITANCE READOUT CIRCUIT

The goal of the SVS capacitance readout circuitry was to
provide in-situ mass sensing while consuming minimal

power and conforming to the extremely limited spatial
constraints afforded to it. The sensor electronics are
comprised of the capacitance readout circuitry, bi-
directional communication to and from the host spacecraft,
and power regulation for the active circuitry on the
electronics board. The following paragraphs will describe
electronics integration to the sensor itself, the method of
deducing sensor capacitance and how this data is sent to the
host spacecraft for processing.

The limited overall area and height in which the electronics
reside created a spatial limitation in which the design would
be constrained. The electronics are mounted directly
beneath the sensor substrate in order to preserve signal
integrity and provide an all-in-one solution for the mass
sensor itself. The height limitation placed upon the
electronics (less than 0.25 inch and falling towards the
edges of the sensor) greatly handicapped component
selection and called for a design with minimal part counts.
The resulting circuit design was a simple circuit topology
for sensing the capacitance of each of the seven channels
and reporting the values of each sensor to the host
spacecraft.

The theory of operation for the sensor electronics is that of a
simple current source charging a capacitor. The sensor itself
act likes seven discrete capacitors, where the top deformable
plate functions as a common electrode connected to
electrical ground for all seven capacitors. The positive
electrode for each capacitor is then individually interfaced
to the sense circuitry. A microcontroller commands an
analog multiplexor (AMUX) to select between the seven
sensor electrodes, as well as a temperature sensor and
reference capacitor for calibration purposes. When a
specific sensor electrode is targeted, a counter is started
within the microcontroller and a precision current source
charges the capacitor. The voltage is then monitored on its
output by a fast comparator. Once the capacitor charge
reaches the level of a precision reference voltage, the
comparator changes states and signals the microcontroller to
stop its running count. This count is then used to decipher
the capacitance of the targeted sensor. This process is
repeated for all seven capacitors and an accurate model of
weight distribution and overall mass can be obtained by the
spacecraft electronics.

The microcontroller utilizes a 16-bit counter that ultimately
provides the resolution and accuracy of the capacitance
measurement. When interfaced with the prototype sensor as
seen in Figure 7, the readout electronics were able to
provide a capacitance measurement with 0.1 pF resolution.
The counter also allowed for a full-range capacitance sense
of up to 4 nF with the aforementioned resolution across the
entire range. The floor of the capacitance measurement is
limited by the stray capacitance inherent to the PCB,
component input capacitances, and the wires that connect
the sensor to the electronics board. Figure 10 shows a top-
level block diagram of the electronics board.



The capacitance value is computed for each of the seven
channels of the sensor within the microcontroller. The
microcontroller then outputs this data, in addition to
ancillary data such as temperature and status, to the host
spacecraft using a LVDS transmitter. A single +5V rail
provided by the spacecraft powers the board and a linear
voltage regulator creates the +3.3V necessary to operate the
board.

33V
J_imu voo =il
co 1_ _[_7IN| GND %
° T Bandgap
Reference
Analog Voltage
§ § MUX
N
r
IN14 Current
Comparator Source
Cref IN1S
I €S SEL[3:0)

o vo o o
o LvDs

Fig. 10. Top-level block diagram of SVS electronics.
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6. SUMMARY

A proof-of-principle sample verification system is
developed. The objective of the sensor is to perform in-situ
measurement of planetary rock/soil sample mass during
sample accumulation. The sensor is designed to prevent
sample contamination, to withstand large temperature
change, to minimize weight and volume, and to have
robustness against shock. The proof-of-principle sensor has
shown high sensitivity of 1pF/gram at low mass range while
maintaining capability to measure large mass. Further
development will include building algorithm for estimating
uneven sample loading, and use of PCB-based substrate for
circuit integration. Also, environmental testing (thermal-
vac, shock, etc.) will be performed for further validation
toward future planetary sample return missions.
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